Vadose zone water is up to 3.1 ´ 10 12 m 3 in the Chinese Loess Plateau. • The deep vadose zone (below 5 m) stores 92.4% of the total vadose zone water. • Vadose zone water distribution is uneven, depending on loess thickness and precipitation. • Vadose zone water accounts for 42.1% of water resources in the Chinese Loess Plateau. Y. Zhu, J. Qiao, and M. Shao, State Key Lab. of Soil Erosion and Dryland Farming on the Loess Plateau, Northwest A&F Univ.,
Water stored in the vadose (unsaturated) zone provides the majority of water required by plants and buffers water resources; thus, it is central to understanding ecological and hydrological processes in the Chinese Loess Plateau (CLP) with its thick loess deposits. We used multisource data on soil water content (SWC) and vadose zone thickness, combined with a spatial interpolation method, to quantify the vadose zone water and further deduce the water resource composition in the CLP. Vadose zone water is approximately 3.1 ´ 10 12 m 3 (±27.5%) in the CLP, 92.4% of which is stored in the deep vadose zone (>5 m and above the groundwater table). The water resources composition of the CLP comprises precipitation, river water, vadose zone water, and the saturated zone water (shallow groundwater), accounting for 2.1, 0.1, 42.1, and 55.7%, respectively. Although a large amount of water exists in the vadose zone, the SWCs in the upper (<5 m) and deep vadose zones are 47.4 and 65.3%, respectively, of the mean field capacity, both being at a low level. Our findings bridge the knowledge gaps on the deep vadose zone water and water resources composition in the CLP, providing the basis for decision-making on balancing revegetation and water resources conservation.
Abbreviations: BD, bulk density; CLP, Chinese Loess Plateau; GWT, groundwater table; RBFI, radial basis function interpolation; SWC, soil water content; WS, water storage; WSC, water storage capacity. Vadose (unsaturated) zone water accounts for only a small proportion (3.8%) of the Earth's land surface freshwater (Gleick, 1993) , but it plays a vital role in terrestrial ecosystems by supplying the majority of water required by plants (Federer, 1979; Schlesinger and Jasechko, 2014) , regulating water flows in the soil-plant-atmosphere continuum (Gardner and Ehlig, 1963; Passioura, 1982) , and linking the components of the water cycle (precipitation, runoff, evapotranspiration, and groundwater) (Federer, 1979; Yang et al., 2000; Chen et al., 2008) . Quantifying this water is, thus, the basis of understanding soil water-plant relationships, water-based processes in the soil-plantatmosphere continuum, and the water cycle. For such a quantification, both soil water content (SWC) and the depth of the vadose zone are required, and various methods and techniques are applied to obtain SWC in a profile (Dalton et al., 1984; Zhou, 2001; Huisman et al., 2003; Wang and Qu, 2009 ). However, the quantification is still typically limited to shallow soil, ranging from a very thin depth (5 cm) to a normal rooting depth (typically up to 4 m) and the depth of deep-rooted plants (21 m), due to the limitations of sampling depth and SWC measurement techniques (Wang et al., 2011 McColl et al., 2017) .
Loess is a clastic, predominantly silt-sized sediment that is formed by the accumulation of wind-blown dust, and it or similar sediments cover 10% of the Earth's land surface (Liu, 1985; Smalley et al., 2011) . The Chinese Loess Plateau (CLP) has the largest and thickest loess deposits (92.2 m on average) around the world and is implementing revegetation to remediate its fragile ecosystem under the conditions of limited water resources, soil erosion, and highly frequent human activities (Liu, 1985; Fu et al., 2017; Zhu et al., 2018 Zhu et al., , 2019 . The revegetation, i.e., the "Grain for Green" initiative, has greatly changed the ecological and hydrological systems in the CLP, typically represented by a significant p. 2 of 10 increase in vegetation coverage, widely distributed dried soil layers, and sharp decreases in runoff and sediment discharging into the Yellow River Feng et al., 2016; Wei et al., 2016) . Therefore, there is growing concern about the rational use of water resources to achieve sustainable development of the ecosystem (Li, 1982; Yang, 2001; Feng et al., 2016; Fu et al., 2017; Jia et al., 2019) .
Vadose zone water is central to this issue. First of all, it is almost the only water source available to crops and other vegetation in the CLP (Huang et al., 2003; Li and Huang, 2008) , thus directly and intensively affecting crop production and revegetation performance (Hou et al., 1991; Li, 2001; Chen et al., 2015) . The revegetation could, in turn, consume an immense amount of soil water to meet increased transpiration needs Li et al., 2016; Jia et al., 2017; Ren et al., 2018) , leading to a rapid reduction of soil water in the root zone, further affecting vegetation succession and percolation (Hou et al., 1991; Huang and Gallichand, 2006; Jia et al., 2017) . This kind of water is mostly stored in the root zone, usually in the upper loess layers. The water stored in the deep vadose zone (beyond root depth) also has important ecological and hydrological functions. It is a potential and precious water source for some deeply rooted plants (e.g., forest and shrub vegetation), especially as the upper soil water is largely consumed Liu et al., 2010; Cheng et al., 2014; Wang et al., 2015) . Also, it can buffer water resources (storing precipitation) and thus become a primary source of recharge to the deep soil water and groundwater (Huang and Gallichand, 2006; Gao et al., 2015; Li et al., 2017) , impacting base flow to rivers and discharge of the rivers into the Yellow River, which has reportedly decreased in recent decades Wang et al., 2016) . A few efforts have been made to quantify vadose zone water at various scales in the CLP (Li and Huang, 2008; Chen et al., 2010; Wang et al., 2011 Wang et al., , 2015 Jian et al., 2015; Jia et al., 2017) . Observations from the north-south sampling sites in the CLP have shown that 0-to 5-m soil water storage varies from 61 to 277 mm m −1 soil, depending on vegetation type and climate (Jia et al., 2017) . However, the maximum depth of SWC observation reported is only 21 m (far less than the average loess thickness) and the observed sites are few, coupled with a of technology for deep SWC observation, resulting in little information on the water stored in the deep loess vadose zone. Hence, quantifying water in the vadose zone of the CLP can bridge the gap in current knowledge of deep vadose zone water and provide necessary data for calculating water fluxes in the loess profiles and regional water resources composition that are fundamental for understanding ecological and hydrological processes to promote current revegetation and water resources management for the CLP.
We used SWC data from multiple sources and vadose zone thickness data, combined with a spatial interpolation method, to estimate the water stored in the vadose zone of the CLP. The objectives of this study were to: (i) calculate the capacity of water in the vadose zone, (ii) evaluate the spatial distribution of the vadose zone water, and (iii) deduce the water resources composition in the CLP.
 Materials and Methods

Study Area
The CLP is located in the middle reaches of the Yellow River and covers an area of 6.4 ´ 10 5 km 2 (Fig. 1 ). It is not completely covered by loess because of the effects of soil genesis and landforms. The northwest part of the CLP is covered by aeolian sandy soil due to its short distance to the source of loess and its low precipitation. The westernmost part is mainly desert soil, and the southernmost and easternmost parts are mainly stony soils. The region exclusive of the areas with aeolian sand, desert, and stony soils is the typical loess region of the CLP, with an area of 3.6 ´10 5 km 2 (Fig. 1 ). In addition, there are mountains inside the typical loess region. The loess is does not easily accumulate in these mountainous areas because of steep slopes and forest vegetation. These areas, with an area of 3.5 ´10 4 km 2 , were excluded in our analysis. Hence, the determination of vadose zone water was conducted throughout the typical loess region with the thick and continuous loess deposits, with an area of 3.2 ´10 5 km 2 (Fig. 1 ).
Water Storage Estimation Methods
The loess vadose zone is very deep. Previous studies have shown that the depths of most plant roots and precipitation infiltration are within 5 m (Shan and Liang, 2006; Cheng et al., 2008; Zhao et al., 2012; Zhang et al., 2014; Bai et al., 2016; Fang et al., 2016; Jia et al., 2019) . With this consideration, the loess vadose zone was divided into two layers: the upper vadose zone (the upper Fig. 1 . Location of the Chinese Loess Plateau and the region investigated for water storage determination. 5-m soil layers) and the deep vadose zone (soil layers below 5-m depth and above the groundwater table [GWT] ). An assumption was made that the water stored in the upper vadose zone is dominated by in-season precipitation, soil type, and plant roots, while the water stored in the deep vadose zone is free from the impacts of roots and in-season precipitation-consequently, historic precipitation and soil texture are the dominant factors. We calculated separately the water stored in these two vadose zones.
Estimation of Water Storage in the Upper Vadose Zone
We used the observed 0-to 5-m SWC data and the depth of this vadose zone to calculate its water storage. The 0-to 5-m SWC was observed at 323 sites, including cropped, sparse grass, and other land uses across the CLP (Fig. 2) , by a neutron probe (CNC503DR, Beijing Super Power Co.). Each site represented an area of 40 by 40 km. The measured interval for the neutron probe was 0.2 m along the profile at each site. We measured the SWC two times (once in a wet season and another in a dry season) in 2012 to 2013. The mean value of these two measurements was taken as the SWC for the site.
The water storage (WS) can be calculated by
where WS is the water storage in each site (m), SWC j is the observed soil water content for the jth soil layer (m 3 m −3 ) in each site, and D j is the depth of the jth soil layer (= 0.2 m). We used the method of radial basis function interpolation (RBFI) in the ArcGIS software (Version 10.3) to generate a distribution map of WS from the calculated WS values in the observed sites. The mean value and root mean square of the prediction errors by the RBFI were −0.0024 m and 0.204 m, respectively.
The water storage capacity is defined as the amount of water stored in the vadose zone within a given area and can be calculated from ( )
while the mean water storage is given by
where WSC is the water storage capacity (m 3 ), WS i is the soil water storage for the ith pixel on the SWS map (m), WS is the mean WS (m), and A i is the area of the ith pixel (m 2 ).
Estimation of Water Storage in the Deep Vadose Zone
Two dominant factors, historical precipitation and soil texture as mentioned above, were used to retrieve the SWC of the deep vadose zone (i.e., the deep SWC), represented by an average value from the 5-m depth to the GWT on a pixel in this study. Most observed root depths in the cropped and sparse-grass lands are within 2 m (Shan and Liang, 2006; Cheng et al., 2008; Fang et al., 2016) ; thus, an assumption was made that the SWC in the >2-m soil layer under these land uses, like the deep SWC, is influenced only by these two factors . In this sense, the relationship between the observed >2-m SWC in these land uses and precipitation, in fact, reflects the relationship for the deep soil. Consequently, the deep SWC could be retrieved from historic precipitation. Also, the observed SWC already contained the effects of soil texture because these sites were distributed across the CLP and had different soil textures. Thus, the factor of soil texture was no longer considered separately. We selected the 4-to 5-m SWC data for 135 sites (Fig. 2) to reduce the impact of roots. In this study, no irrigation was used at these sites and therefore was not considered.
The difference in bulk density (BD) between the upper and the deep vadose zone layers should be considered because the volumetric water content is BD dependent. A transfer coefficient of BD was, thus, used to make the relationship based on the observed 4to 5-m SWC data adaptable to the deep soil layer. The coefficient is determined as
where r is the BD transfer coefficient, d BD is the mean BD value for the >5-m-depth soil layer of (g cm 3 ), determined from the soil borehole data at five sites (from 5-147 m deep), and s BD is the mean BD value for the 4-to 5-m soil layer (g cm 3 ), calculated from the BD data from the 135 sites. The values of d BD and s BD were 1.58 and 1.35 g cm −3 , respectively. Historical precipitation was represented by the mean annual precipitation data for 1963 to 2012 from 70 meteorological stations (Fig. 3A) . The map of precipitation was also generated by the RBFI method with the mean value (−0.0029 m) and root mean square (0.07 m) of the prediction errors.
We used ArcGIS spatial analysis to extract the precipitation values at the 135 sites from the map of historic precipitation. Then, a logistic equation was used for describing the relationship because it not only gave the best fit (the highest coefficient of determination at a significance level of 0.99) but also had upper and lower limits that were in accordance with the upper (field capacity) and lower (permanent wilting point) limits of the SWC for a given soil. The relationship obtained by the logistic regression was satisfactory (R 2 = 0.71 and p < 0.01):
where SWC i is the retrieved soil water content from precipitation for the ith pixel on the map (m 3 m −3 ), P is the mean precipitation (m) for 1963 to 2012 in the region, P i is the precipitation (m) for the ith pixel on the map, and k is the unit transfer constant (=1 m 3 m −3 ). We used the map of historic precipitation and Eq.
[5] to derive a map of the deep SWC by map algebra algorithms in the ArcGIS software ( Fig. 3C ).
Next, an elevation map of the GWT (Fig. 4A) was derived from previous studies (Yan et al., 2003; Hou et al., 2006; Zhu and Zhou, 2011; Chen et al., 2013) . This map was subtracted from the digital elevation map of the targeted region to get a map of the thickness of the vadose zone (Fig. 4B ). This thickness map minus 5 m was the thickness data for the deep vadose zone (below 5-m depth and above the GWT). The mean depth to groundwater, i.e., the mean thickness of the vadose zone, was calculated as 54.8 m and, consequently, the mean thickness of the deep vadose zone is 49.8 m (=54.8 − 5 m). The mean thickness of the loess (vadose and saturated zones) is 92.2 m ; thus, the mean thickness of the saturated zone is 37.4 m (= 92.2 − 54.8 m).
We used the thickness data for the deep vadose zone and the retrieved SWC to estimate the WS in this zone, which is calculated as
where SWC i is the retrieved soil water content for the ith pixel on the map (m 3 m −3 ) and D i is the thickness value for the ith pixel on the map (m). Finally, we used Eq.
[2] and [3] to calculate the water storage capacity and mean water storage, respectively, in the deep vadose zone.
Validation of the Retrieved Deep Soil Water Content
The deep SWC is a basis for calculating WS in the deep vadose zone. Hence, the accuracy of the retrieved deep SWC determined the reliability and accuracy of the estimated WS in the deep vadose zone. For validation, we observed the deep SWC at 16 sites, including five soil borehole sites (from the land surface to the GWT, with a maximum depth of 147 m) and 11 deep (0-21 m) soil sampling sites (Fig. 3C) . We extracted the SWC values for these sites from the map of the retrieved deep SWC (Fig. 3C) 
Estimated Errors of the Vadose Zone Water
For the upper vadose zone, the uncertainty of the estimate is mainly from the RBFI. The root mean square of the predicted errors by the RBFI is 0.204 m, which is the deviation of the estimate. It could be expressed as a percentage by dividing by the estimated mean value. Also, the loess depths are often <1 m in the mountain areas (accounting for 10% of the typical loess region) due to steep slopes and forest vegetation. If we assumed the mean loess thickness in these areas is 1 m, the vadose zone water in these areas accounts for only 2% (=10% ´ 1 m [average loess thickness in the mountainous area]/5 m [thickness of the upper vadose zone]) of the total, which does not significantly affect the estimated WS in the upper vadose zone. As a result, the uncertainty of the upper vadose zone water can be determined.
For the deep vadose zone, the uncertainty of the estimate is mainly from the estimated errors of the precipitation map by the RBFI and the deep SWC retrieval by Eq.
[5]. The root mean square of the predicted errors for precipitation is 0.07 m, thus the deviation can be calculated to be 14.7% (=0.07 m/0.474 m [average precipitation on the CLP]). The root mean square of the predicted errors for the deep SWC retrieval is 0.0467 m 3 m −3 , thus the deviation is 23.2% (=0.0467/0.201). The integrated deviation is then 27.5% [=100%Ö(14.7 2 + 23.2 2 )]. Moreover, we only provide the mean SWC value in the deep vadose zone, i.e., we do not attempt to assess the vertical variation in SWC because loess, as an aeolian deposit, is relatively uniform in the profile Zhu et al., 2019) . Hence, the uncertainty of deep vadose zone water is the integrated deviation of precipitation and deep SWC retrieval. Figure 6A shows the distribution of WS in the upper vadose zone across the CLP. The white color in the map represents the mountain areas (the computed water storage does not cover these areas). The south and southeast parts of the CLP have the highest WS (red solid-line ellipses) and the northwest part has relatively lower WS (black dashed-line ellipse). The mean WS value was calculated to be 0.73 m in this vadose zone. The deviation of the estimate should be 27.9% (=0.204/0.73). The water storage capacity (WSC) in the upper vadose zone is 2.35 ´ 10 11 m 3 (±7.9%), eight times larger than the average annual discharge of the Yellow River for 1952 to 2015 . The areas with 400 to 600 mm of precipitation, accounting for 72.0% of the total area, contain 76.0% of the total WS in this vadose zone. Figure 6B shows the distribution of WS in the deep vadose zone across the CLP. The white color in the map represents the area with vadose zone thickness £5 m. The central regions have the highest WS (black dashed-line ellipse), and the northwest and southeast parts have relatively lower WS. The WSC in the deep vadose zone is 2.86 ´ 10 12 m 3 (±27.5%), 12 times larger than that in the upper vadose zone, and the mean WS value is 10.0 m. The areas with 400 to 600 mm of precipitation account for 81.0% of the total WS in this vadose zone.
 Results
Distribution of the Vadose Zone Water
The total WSC in the vadose zone of the CLP is 3.1 ´ 10 12 m 3 (±27.5%, which is mainly determined by the estimated error for the deep vadose zone water), and the mean WS is 9.6 m, showing an enormous water reservoir in the vadose zone of the CLP. The capacity of the total water reservoir is equal to an accumulation of 20 yr of mean annual precipitation across the region or equivalent to a 20.8-mm depth of water covering the Earth's land surface, which is 2.6 times the global surface (?5-cm depth) soil water storage (McColl et al., 2017) . The proportions of the water stored in the upper and the deep vadose zones are 7.6 and 92.4%, respectively. The distribution pattern of WS in the vadose zone is similar to that in the deep vadose zone.
Soil Water Status and Water Resources Composition
Based on our estimate of the water stored in the upper and deep vadose zones and the measured soil physical properties at the observed 323 sites, we evaluated the soil water status in the CLP. The mean SWC values in these two vadose zones are 0.146 m 3 m −3 (=0.73/5) and 0.201 m 3 m −3 (=10.0/49.8), respectively, which are equal to 47.4 and 65.3%, respectively, of the mean field capacity (=0.308 m 3 m −3 , derived from the 323 observation sites).
We further deduced the water resources composition across the CLP. The mean thickness of the saturated zone (=37.4 m) and the mean SWC in this zone were used to calculate the water stored in the saturated zone (referring to shallow groundwater resources). The mean saturated water content was determined from the 323 sites across the CLP as 0.34 m 3 m −3 . The water stored in the saturated zone is, therefore, 12.7 m (=0.34 ´ 37.4). Water in the rivers was calculated from discharge data at the entrance and outlet hydrologic stations in the middle reaches of the Yellow River as 0.034 m. Table 1 summarizes the water resource composition for the CLP. The vadose and the saturated zones store 42.1 and 55.7%, respectively, of water resources of the CLP. Water in the rivers is the smallest, accounting for only 0.1% of the water resources. The water stored in the upper and deep vadose zones accounts for 3.2 and 38.9%, respectively, of the water resources. 
 Discussion
The thick vadose zone is a remarkable feature of the CLP. Previous studies estimated WS only at limited sampling sites, and the observed depth was no more than 21 m (Wang et al., 2011 Jia et al., 2017) . In this study, we have quantified, for the first time, the water stored in the vadose zone (from the surface to the GWT) of the CLP, including the deep vadose zone (>5 m and above the GWT). Our estimate reveals an enormous water reservoir in the vadose zone of the CLP and the distribution of vadose zone water. The patterns of WS distribution are different between the upper and deep vadose zones. For the upper vadose zone, the WS decreases from southeast to northwest following the precipitation gradient (Fig. 6a) , indicating that the upper 5 m of soil water is mainly dominated by precipitation. For the deep vadose zone, the central part of the CLP has the highest WS (Fig. 6b ), which could be mainly attributed to thicker loess deposits in these regions and relatively higher precipitation. The thick loess deposits make a huge reservoir for storing water in the CLP, called the "soil reservoir" by local farmers, and play a key role in maintaining crop and other vegetation growth (Li, 2001; Li and Huang, 2008) . The huge capacity of vadose zone water indicates that it can buffer water resources and regulate ecosystems and water cycles in the CLP, as supposed to be. For instance, some deep-rooted plants such as alfalfa (Medicago sativa L.), Caragana korshinskii Kom., and Robinia sp. can grow well in the CLP due to water supply from the deep vadose zone; vadose zone water, being a main source of groundwater recharge, can deeply affect the water cycle in the CLP (Gao et al., 2015; Li et al., 2017) . We also evaluated the current water status in the vadose zone of the CLP. The mean SWC in the upper vadose zone is only 0.146 m 3 m −3 , lower than 60% of the mean field capacity (usually regarded as the lower limit of a dried soil layer [Wang et al., 2011] ). The low SWC in this vadose zone is mainly attributed to lower precipitation and revegetation (Yang, 2001; Jian et al., 2015; Feng et al., 2016; Li et al., 2016; Jia et al., 2017) , which is also supported by in situ observations showing that the SWC in the 0-to 5-m soil layers has decreased by around 30% in the CLP, mainly because artificial shrub and forest vegetation can draw water from the soil into the atmosphere like a pump (Jia et al., 2017) . Furthermore, the mean SWC in the deep vadose zone is 0.201 m 3 m −3 , a little higher than the lower limit of a dried soil layer. The soil water status indicates that the total amount of water in the vadose zone is large, but its average is small. In this sense, there is an urgent need to select some lowwater-consumption plants to reduce water loss in the upper vadose zone to conserve soil water resources; otherwise, it will lead to a decrease in deep soil water and even groundwater recharge (Gao et al., 2015; Li et al., 2017) . We also derived a soil water potential line of −1500 kPa, often being taken as the lower limit of plantabsorbing soil water, from the measured permanent wilting points of the soil at the 323 sites (Fig. 7) . If revegetation is applied outside of the line, it is hard for plants to grow healthy because the soil water potential is lower than the plant root water suction. This line generally coincides with the 400-mm precipitation line ( Fig.  7) , suggesting that the areas with <400 mm of precipitation are not appropriate for implementing revegetation, especially with highwater-consumption plants such as shrub and forest; thus, natural conservation is the best choice for these areas.
Moreover, we deduced the water resource composition across the CLP from our estimates of the vadose and saturated zones water and the runoff discharge data. Water in the loess profiles (vadose and saturated zones) accounts for an overwhelming fraction of water resources (97.8%). Water in the rivers is the smallest (0.1%) and water stored in the upper 5-m vadose zone is the second smallest (3.2%). The small proportions of river water and the upper 5-m vadose zone water indicate that these two fractions of water are more easily affected by revegetation and climate change (Chen et al., 2015; Feng et al., 2016; Li et al., 2016; Jia et al., 2017) . Many studies have demonstrated that the runoff and sediment from the CLP into the Yellow River has been largely reduced due to revegetation and climate change, and the carrying capacity of soil water for vegetation has almost reached its upper limit (Chen et al., 2015; Feng et al., 2016) . Hence, these parts of the water resource should receive more attention in water resource management and should be protected by urgently taking some measures.
 Conclusion
The total capacity of water stored in the vadose zone of the CLP is 3.1 ´ 10 12 m 3 (±27.5%), 92.4% of which is stored in the deep (>5 m and above the GWT) vadose zone. The distribution of WS is uneven across the CLP. For the upper 5-m vadose zone, stored water decreases from southeast to northwest following the precipitation gradient. For the deep vadose zone, the central part of the CLP has the highest WS and the northwest part has relatively lower WS. The SWCs in the upper and deep vadose zones are 47.4 and 65.3%, respectively, of the mean field capacity, indicating a low level of water status in the vadose zone. The vadose and saturated zones store 42.1 and 55.7%, respectively, of water resources; river water and the 0-to 5-m soil water account for only 0.1 and 3.2%, respectively, of the water resources.
This study presented new information on the vadose zone water and the water resources composition in the CLP. The storage capacity of vadose zone water is huge, but the water is at a low level, revealing a great effect of revegetation. Future revegetation should be targeted to select low-water-consumption plant species, particularly in areas with >400 mm of annual precipitation in the CLP. Generally, our findings highlight the current severe situation of water resources in the CLP, providing key data for future policymaking on revegetation and water resources management in the CLP.
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